While the cardiotoxicity of doxorubicin (DOX) is known to be partly mediated through the generation of reactive oxygen species (ROS), the biochemical mechanisms by which ROS damage cardiomyocytes remain to be determined. This study investigates whether S-glutathionylation of mitochondrial proteins plays a role in DOX-induced myocardial injury using a line of transgenic mice expressing the human mitochondrial glutaredoxin 2 (Glrx2), a thiotransferase catalyzing the reduction as well as formation of protein-glutathione mixed disulfides, in cardiomyocytes. The total glutaredoxin (Glrx) activity was increased by 76% and 53 fold in homogenates of whole heart and isolated heart mitochondria of Glrx2 transgenic mice, respectively, compared to those of nontransgenic mice. The expression of other antioxidant enzymes, with the exception of glutaredoxin 1, was unaltered. Overexpression of Glrx2 completely prevents DOX-induced decreases in NAD-and FAD-linked state 3 respiration and respiratory control ratio (RCR) in heart mitochondria at days 1 and 5 of treatment. The extent of DOX-induced decline in left ventricular function and release of creatine kinase into circulation at day 5 of treatment was also greatly attenuated in Glrx2 transgenic mice. Further studies revealed that heart mitochondria overexpressing Glrx2 released less cytochrome c than did controls in response to treatment with tBid or a peptide encompassing the BH3 domain of Bid. Development of tolerance to DOX toxicity in transgenic mice is also associated with an increase in protein S-glutathionylation in heart mitochondria. Taken together, these results imply that S-glutathionylation of heart mitochondrial proteins plays a role in preventing DOX-induced cardiac injury.
Introduction
The anthracycline antibiotic doxorubicin (DOX) is one of the most effective anticancer drugs for treating various types of cancers such as carcinomas, soft tissue sarcomas, multiple myeloma, non-Hodgkin's lymphomas, and Hodgkin's disease. However, the therapeutic effectiveness of DOX is greatly restricted by its dose dependent and cumulative cardiotoxic side effects [1] [2] [3] [4] .
The mechanism by which DOX causes myocardial injury is not fully understood. Nonetheless, the free radical hypothesis of DOX toxicity has been steadily gaining support over the years. Following entry into cardiomyocytes, DOX can generate reactive oxygen species (ROS) via two distinct mechanisms. First, it can form a complex with iron(III). The iron subsequently receives one electron from the bounded DOX to generate an iron(II)-DOX free radical complex which can then reduce oxygen and hydrogen peroxide to superoxide anion radical (superoxide) and hydroxyl radical, respectively [5, 6] . Second, DOX can also generate ROS through the mechanism of reduction-oxidation (redox) cycling, a reaction that is catalyzed by a number of NAD(P)H oxidoreductases [7] [8] [9] [10] [11] [12] . At the subcellular level, mitochondria are believed to be the primary target of DOX-induced cardiotoxicity. The mitochondria of DOX-poisoned heart show morphological abnormalities that are associated with biochemical derangements including inhibition of electron transfer complexes, decrease in efficiency of respiration, and disruption of calcium homeostasis [13] [14] [15] [16] [17] [18] [19] .
The role of ROS in DOX-induced cardiac toxicity is supported by the findings that treatment of animals with a variety of antioxidants such as probucol, amifostine, dexrazoxane, and melatonin protects heart against the toxicity of DOX [20] [21] [22] [23] [24] . Furthermore, overexpression of antioxidant enzymes such as manganese superoxide dismutase (MnSOD), catalase, or glutathione peroxidase 1 (Gpx1) in cardiomyocytes of transgenic mice greatly attenuates DOX-induced cardiac injury [25] [26] [27] . Since MnSOD specifically converts superoxide to H 2 O 2 and the other two enzymes decompose H 2 O 2 , these studies strongly support the role of ROS in DOX-induced cardiotoxicity. In addition, because MnSOD is only located in the mitochondria, the results also indicate mitochondria as the major target of DOX-induced toxicity in cardiomyocytes.
Although these studies have demonstrated the role of ROS in DOXinduced myocardial injury, the biochemical mechanisms by which ROS damage cardiomyocytes are not understood. Previous studies have shown that protein cysteinyl thiols are among the most susceptible targets of ROS within cells. The cysteine residues of proteins, in the absence of vicinal thiols, can be sequentially oxidized to cysteine sulfenic acids (-SOH), sulfinic acids (RSO 2 H), and sulfonic RNA blot analysis showing expression of Glrx2 transgene in heart and lungs of a transgenic mouse. The RNA blot membrane was first hybridized with 32 P-labeled human Glrx2 cDNA and then re-hybridized with a cDNA coding for the rat glyceraldehyde 3-phosphate dehydrogenase (Gapd) to determine the variations in sample loading. (C) Protein blot analysis of tissue homogenates showing that the human Glrx2 protein is specifically expressed in heart of a transgenic mouse. To reveal variations in sample loading, the same blot membrane was re-reacted with antibodies against copper-zinc superoxide dismutase (CuZnSOD). (D) Expression of the human Glrx2 protein in heart mitochondria of Glrx2 transgenic mice. Ten micrograms of heart mitochondrial proteins from 5 male nontransgenic mice and 6 male Glrx2 transgenic mice were separated on a SDS-polyacrylamide gel for blot analysis. Another blot membrane prepared from a gel loaded with the same amounts of samples was reacted with antibodies against manganese superoxide dismutase (MnSOD). (E) Total Glrx activity in whole heart homogenates and homogenates of isolated heart mitochondria of nontransgenic and littermate Glrx2 transgenic mice. Each value represents mean ± SD and n ≥ 5. ⁎, p b 0.0001 compared to the corresponding samples of nontransgenic mice. (F) Expression of antioxidant enzymes in hearts of nontransgenic and Glrx2 transgenic mice. Thirty micrograms of whole heart homogenates of six individual nontransgenic mice and Glrx2 transgenic mice were loaded on several gels for blot analysis. The gender is shown on top of the figure. Square and circle represent male and female mice, respectively. In (B), (C), (D), and (F), − and + represent nontransgenic and Glrx2 transgenic mice, respectively.
(RSO 3 H) acids. In addition, they can react with the vicinal protein thiols and non-protein thiols such as glutathione (GSH) to form intraand inter-protein disulfides and protein-GSH mixed disulfides (protein-SSG), respectively. Since GSH is the most abundant nonprotein thiol in cells (at concentrations between 0.5 and 20 mM) [28] , the majority of protein mixed disulfides formed inside cells under oxidative stress is believed to be protein-SSG. S-glutathionylation can have a profound effect on the catalytic and structural functions of proteins. For example, the catalytic functions of transcription factors NF-κB and NF-1 [29, 30] protein tyrosine phosphatase 1B [PTP-1B] [31, 32] , and protein kinase C-α [33] are inactivated by S-glutathionylation. On the other hand, S-glutathionylation enhances the activities of a number of other proteins, such as HIV-1 protease, glutathione Stransferase, and Ras [34] [35] [36] . Therefore, the physiological changes due to protein S-glutathionylation as a consequence of cell signaling events or oxidative stress are dependent on which of the effector proteins is S-glutathionylated.
In mammals, the protein-SSG mixed disulfides are predominantly reduced by isoforms of glutaredoxin (Glrx) via a monothiol mechanism [37] . Glutaredoxin 1 (Glrx1) is a 12-kDa cytosolic protein [38] . Glutaredoxin 2 (Glrx2) is expressed from two alternatively spliced mRNAs, resulting in translocation into either the mitochondria or the nucleus [39, 40] . Interestingly, Glrx is also capable of catalyzing Sglutathionylation of proteins in the presence of a glutathione-thiyl radical generating system [41] [42] [43] . Further studies have shown that overexpression of either Glrx1 or Glrx2 protects cells against injury resulting from oxidative stress [44] [45] [46] [47] [48] [49] . However, which of the two catalytic activities of Glrx1 and Glrx2 contributes to their protective function in vitro in cultured cells remains to be determined.
The present study seeks to determine whether S-glutathionylation of mitochondrial proteins in heart plays a role in DOX-induced myocardial injury using a line of transgenic mice overexpressing mitochondrial Glrx2 in cardiomyocytes. Our results show that Glrx2 overexpression greatly protects mouse heart from DOX-induced mitochondrial and contractile dysfunction, and the protection is associated with an increased S-glutathionylation of mitochondrial proteins.
Materials and methods

Generation of human Glrx2 transgenic mice
To construct the transgene, a full-length cDNA fragment coding for the human mitochondrial Glrx2 (IMAGE clone 512859, NCBI accession #AA062724) was isolated from plasmid vector pSK (Stratagene, La Jolla, CA) by digestion with enzymes BamHI and XhoI (the BamHI restriction site is located in the multiple cloning sites of plasmid pSK) and then cloned into the corresponding restriction sites in plasmid pSL1180 (GE Healthcare, Amersham Biosciences Corp, Piscataway, NJ). The human Glrx2 cDNA fragment was again isolated from plasmid pSL1180 by digestion with enzymes SalI and XhoI (the SalI restriction site is located in the multiple cloning sites of plasmid pSL1180) and inserted into a previously constructed expression vector at the SalI site, downstream to the 5′ flanking sequence and promoter of the mouse α-myosin heavy chain (α-MyHC) gene [50] . [The DNA fragment containing the 5′ flanking sequence and promoter of the mouse α-MyHC gene, namely α-5.5, was originally provided by Dr. Jeff Robbins of University of Cincinnati, Cincinnati, OH [51] . The entire expression sequence (Fig. 1A) , including the genomic sequence of the mouse α-MyHC gene, the human Glrx2 cDNA, and the SV40 splice and polyadenylation sites (Fig. 1A) , was released from the expression vector by digestion with enzymes ClaI and NotI and purified after separation on an agarose gel. The DNA fragment was then microinjected into the pronuclei of fertilized eggs harvested from female B6C3 (C57BL/6 × C3H) F1 mice mated with male B6C3 F1 mice according to the standard method [52] . Only one line of transgenic mice was generated. The mice used in the studies were generated by breeding the female (hemizygous) transgenic mouse with male B6C3 hybrid mice. Transgenic mice were identified by Southern blot analysis of mouse tail DNA. Both the male and female mice were used in the studies and the nontransgenic littermates were used as controls for transgenic mice.
Preparation of tissue samples for gene expression studies
Total RNA was isolated from tissues of Glrx2 transgenic mouse and nontransgenic littermate using the TRIZOL reagent (Invitrogen, Carlsbad, CA) according to the procedures recommended by the manufacturer. Thirty micrograms of total RNA were denatured with glyoxyal and subjected to blot analysis according the method described by Thomas [53] . For protein analysis, tissues were homogenized in 1.5 to 2 ml of lysis buffer (50 mM potassium phosphate buffer, pH 7.8, 0.5% Triton X-100, and 3% glycerol) containing protease inhibitor cocktail (P-8340, Sigma, St. Louis, MO) and 1 mM phenylmethylsulfonyl fluoride with a Polytron homogenizer, followed by sonication. The homogenates were then clarified by centrifugation at 20,000 ×g for 15 min and stored at −70°C. The protein concentration of tissue homogenates was determined by the use of a bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL). Thirty micrograms of tissue proteins were separated on a SDSpolyacrylamide gel for blot analysis. The protein blot membrane was reacted with polyclonal antibodies against the human Glrx2 generated in rabbits (kindly provided by Dr. Marjorie Lou of University of Nebraska at Lincoln, Lincoln, NE), and with antibodies against human copper-zinc superoxide dismutase (CuZnSOD), rat manganese superoxide dismutase (MnSOD), bovine catalase, human Glrx1, and human thioredoxin 2 (Trx2), followed by the standard procedures of chemiluminescence to visualize the antibody-bound proteins on an X-ray film. The intensities of the signals were quantified using a Kodak Imagine Station 440CF equipped with the Kodak ID Image Analysis Software (Eastman Kodak Company, Rochester, NY).
Enzymatic activity assay for Glrx
The method described by Johansson et al. [54] was used to determine the total activity of Glrx (including Glrx1 and Glrx2) in homogenates of mouse hearts and isolated heart mitochondria. Briefly, 10 μl of 70 mM 2-hydroxyethyl disulfide (HED) were added to 0.96 ml of reaction mixture containing 100 mM Tris-HCl, pH 8.0, 2 mM EDTA, 0.1 mg/ml bovine serum albumin, 200 μM NADPH, 1 mM GSH, and 0.4 U/ml of glutathione reductase, followed by incubation at 30°C for 3 min. Fifty microliters of diluted heart or mitochondrial homogenate were then added to the reaction mixture to initiate the reaction. The decrease in absorbance at 340 nm was then followed for 30 s using a Shimadzu UV-160U spectrophotometer (Shimadzu Inc., Columbia, MD). The background rates of NADPH oxidation resulting from sample alone (without HED) and HED alone (without sample) were also measured and deducted from the observed decrease of absorbance at 340 nm. The amount of NADPH oxidation in the reaction was calculated using an extinction coefficient of 6.2 mM
. The activity of Glrx is defined as nmoles (nmol) of NADPH oxidized in 1 min by 1 mg of protein.
Enzymatic activity assay for glutathione peroxidase and thioredoxin reductase-dependent peroxidase
The glutathione peroxidase activity was measured in a reaction coupled to NADPH oxidation. Sodium azide was added to the reaction mixture to inhibit the activity of catalase [55] . Briefly, 0.1 ml of heart or mitochondrial homogenate were initially mixed with 0.85 ml of reaction mixture (20 mM potassium phosphate buffer, pH 7.0, 0.6 mM EDTA, 0.15 mM NADPH, 2 mM GSH, 1 mM sodium azide, and 4 U/ml of glutathione reductase) at room temperature. The reaction was then initiated by adding 50 μl of 2 mM hydrogen peroxide to the reaction mixture and the decrease in absorbance at 340 nm was followed for 30 s. The activity of glutathione peroxidase was defined as nmoles (nmol) of NADPH oxidized in 1 min by 1 mg of protein at 2 mM GSH.
The thioredoxin-dependent peroxidase activity was measured in a solution of 50 mM Hepes (pH 7.3), 0.12 μM recombinant rat thioredoxin reductase (American Diagnostica Inc, Stamford, CT), and 0.2 mM NADPH [56] . The reaction was initiated by addition of H 2 O 2 to a final concentration of 0.25 mM, and the decrease in absorbance at 340 mm was then followed.
Treatment of mice with doxorubicin
Mice of either sex at 8 to 10 weeks of age were injected intraperitoneally with DOX (EMD Biosciences, Inc., La Jolla, CA) dissolved in normal saline at a dose of 22.5 mg/kg or saline alone as control. The mice were then sacrificed at both days 1 and 5 post injection for determining the efficiency of respiration of heart mitochondria, or at day 5 only for measurement of cardiac contractile function in vivo.
Isolation of mouse heart mitochondria and measurement of mitochondrial respiratory and phosphorylating activities
Mouse heart mitochondria were isolated and their respiratory and phosphorylating activities measured according to the methods described previously [27] . The purity of mitochondria was evaluated by protein blot analysis using antibodies against lamin B, cytochrome P450 CYP1A1/2, and heat shock protein Hsp90α, the proteins that are present in the nuclei, microsomes, and cytosol, respectively. None of these antibodies reacted with the proteins prepared from the isolated heart mitochondria (data not shown). Respiratory control ratio (RCR) was calculated as the ratio of state 3 to state 4 respiration. ADP/O ratio (P/ O ratio) was determined by dividing the amount (nmoles) of ADP added by the amount (natoms) of oxygen consumed during state 3 respiration.
Activity assay for creatine kinase in serum
Mouse blood was collected by cardiac puncture at the time of sacrifice. The blood was then placed in a microfuge tube and allowed to fully clot on ice for 30 min. The tube was then centrifuged to separate serum from the clot and cell pellet. The activity of creatine kinase in serum was assayed using two commercial kits (Sigma, S. Louis, MO and Diagnostic Chemicals Limited, Charlottetown, PE, Canada) according to the procedures suggested by the manufacturers.
Measurement of in vivo cardiac function
At day 5 of saline or DOX treatment, mice were anesthetized with 2% isoflurane and ventilated with room air (at a tidal volume of 0.5 ml and a rate of 110-120 breaths/min) through a tracheostomy cannula that was connected to a rodent respirator (Columbus Instruments International, Columbus, OH). A substernal transverse incision was then made to expose the heart and the inferior vena cava. A microtip pressure-volume catheter (SPR-839; Millar Instruments, Houston, TX) was inserted into the left ventricle through a 25-gauge apical stab wound to allow measurement of the steady state cardiac function. To acutely change the cardiac preload, occlusion of inferior vena cava was produced over a 1-s period. At the completion of study, 10 μl of hypertonic saline (15%) were injected into the right atrium to allow calibration of the parallel volume (Vp). The conductance and pressure signals were continuously recorded at a sampling rate of 1000 s − 1 using an ARIA pressure-volume conductance system (Millar Instruments) that was coupled to a Powerlab/4SP A/D converter (AD Instruments, Mountain View, CA), and then stored and displayed on a computer. Data were recorded as a series of pressure-volume loops and analyzed with a cardiac pressure-volume analysis program (PVAN3.4; Millar Instruments, Houston, TX).
Induction of cytochrome c release from isolated heart mitochondria
Release of cytochrome c from heart mitochondria was induced with either a 26-mer peptide containing the BH3 domain of Bid (EDIIRNIARHLAQVGDSMDRSIPPGL) or recombinant mouse tBid (Sigma, St. Louis, MO). Briefly, heart mitochondria of nontransgenic and Glrx2 transgenic mice (containing 0.1 mg of protein) were incubated at 37°C in 60 μl of experimental buffer (125 mM KCL, 10 mM Tris-MOPS, pH 7.4, 1 mM KH 2 PO 4 , 5 mM glutamate, 2.5 mM malate, and 10 μM EGTA) as control, or in the same buffer supplemented with a 26-mer peptide encompassing the BH3 domain of Bid (at a final concentration of 50 μM) or a recombinant mouse tBid (at a final concentration of 1 μM). At 0, 0.5, 1, and 2 h of incubation, a set of tubes was removed from the water bath and the mitochondria were separated by centrifugation at 15,000 ×g for 5 min. The supernatant in each tube was collected and stored under −20°C until further study. The pellet of mitochondria was dissolved in 75 μl of solution containing 10 mM Tris, pH 8.0, 1 mM EDTA, and 1% SDS. The content of cytochrome c in these samples was determined by protein blot analysis using a rabbit monoclonal antibody purchased from Cell Signaling Technologies Corp. (Danvers, MA).
Detection of protein S-glutathionylation in heart mitochondria by protein blot analysis
For determining the effect of Glrx2 overexpression on S-glutathionylation of mitochondria proteins, the minced mouse heart in 3.0 ml of SEE solution (250 mM sucrose, 10 mM Hepes, pH 7.4, 0.5 mM EGTA, 0.5 mM EDTA, and 1.0 mg/ml defatted BSA) containing Nagarse (5 mg/ g tissue) was initially subjected to a total of four cycles of homogenization as described previously [27] . The total volume of the heart homogenate was then adjusted to 10 ml with SEE solution containing 30 mM N-ethylmaleimide (NEM) to prevent further Sglutathionylation of proteins during sample manipulation. The same concentration of NEM was also included in the SEE and sucrose solutions that were used in the subsequent washing procedures for isolation of mitochondria. Finally, the pellet of heart mitochondria was re-suspended in 0.3 ml of lysis buffer, as that used for preparation of whole heart homogenate, containing 30 mM NEM, and stored at −70°C. The suspension of heart mitochondria was then subjected to two cycles of freezing-and-thawing and clarified by centrifugation at 20,000 ×g for 15 min. The supernatant was collected and protein concentration determined by the BCA method. Forty micrograms of soluble proteins of heart mitochondria were then separated on a nonreducing SDS-polyacrylamide gel and transferred to a piece of nitrocellulose membrane. The protein blot membrane was reacted with a monoclonal antibody against GSH (ViroGen, Watertown, MA).
Statistical analysis
For experiments containing more than two groups of samples, the data were first analyzed by one-way analysis of variance (ANOVA), followed by a Newman-Keuls post hoc comparison. The unpaired t test was used to analyze the experiments consisting of only two groups of samples. Differences with a p value b 0.05 are considered statistically significant.
Results
Generation and characterization of transgenic mice overexpressing Glrx2 in mitochondria of cardiomyocytes
To investigate whether the mitochondrial Glrx2 functions in preventing DOX-induced cardiotoxicity, we generated a line of transgenic mice in which the human Glrx2 transgene is driven by the 5′ flanking sequence and promoter of the mouse α-MyHC gene (Fig. 1A) . As shown in Fig. 1B , a species of human Glrx2 mRNA was found to be highly expressed in heart and to a much lesser extent in lungs of a transgenic mouse (Fig. 1B) . Expression of the human Glrx2 protein in hearts of transgenic mice was demonstrated by protein blot analysis using an antiserum against human Glrx2 that has a very low affinity for the endogenous mouse Glrx2 protein (Fig. 1C) . However, the human Glrx2 protein in lungs of transgenic mice was not detectable due to the very low level of mRNA expressed.
Since the human Glrx2 cDNA contained in the transgene codes for a mitochondrial Glrx2 protein, expression of the human Glrx2 protein in heart mitochondria of transgenic mice was further confirmed by protein blot analysis (Fig. 1D) . These findings suggest that the human Glrx2 protein is properly translocated into the mitochondria of transgenic hearts.
We then determined whether the expressed human Glrx2 is functional. As shown in Fig. 1E , the total Glrx activity in whole heart homogenates of transgenic mice was increased by 76% compared to that of nontransgenic mice. Since this study measured the activities of both Glrx1 and Glrx2, the result did not reflect the net increase of Glrx2 activity in heart mitochondria. To further understand the extent of Glrx2 overexpression in heart of transgenic mice, total Glrx activity in homogenates of isolated heart mitochondria was determined. As shown in Fig. 1E , Glrx activity in heart mitochondria of nontransgenic mice was barely detectable (1.44 ± 0.74 nmol NADPH/min/mg protein), and expression of the human Glrx2 transgene in cardiomyocytes leaded to a 53 fold increase in Glrx activity (77.68 ± 23.51 nmol NADPH/min/mg protein) in heart mitochondria of Glrx2 transgenic mice.
Finally, we determined whether an increase in Glrx2 activity in heart of transgenic mice affects the expression of other antioxidant enzymes. As shown in Fig. 1F , the protein levels of CuZnSOD, MnSOD, catalase, and Trx2 were unchanged in hearts of Glrx2 transgenic mice compared to those of their nontransgenic littermates. Furthermore, the activities of glutathione peroxidase were equivalent in whole heart homogenates of nontransgenic and Glrx2 transgenic mice (9.46 ± 0.97 vs. 8.69 ± 0.92 nmol NADPH/min/mg protein, respectively; p = 0.185, n = 6). However, the protein level of Glrx1 was increased by 109% (p b 0.001) in heart of Glrx2 transgenic mice relative to that of nontransgenic littermates (Fig. 1F) . Finally, because all the antibodies commercially available only react with the human thioredoxin 1 (Trx1) but not the corresponding mouse protein, we were not able to measure it level of expression in mouse heart.
Overexpression of Glrx2 protects mouse heart against DOX-induced mitochondrial dysfunction
Mitochondrion is the major subcellular organelle for generation of ROS in DOX-poisoned hearts and therefore a direct target of oxidative stress [7] [8] [9] [13] [14] [15] [16] [17] [18] [19] . To investigate the effect of Glrx2 overexpression on DOX-induced cardiac toxicity, we measured the efficiency of mitochondrial respiration in mouse hearts isolated from nontransgenic and Glrx2 transgenic mice at days 1 and 5 of treatment with saline (as control) or DOX. As shown in Figs. 2 through 4 , the baseline values of mitochondrial respiration including the rates of state 3 and 4 respiration, RCR, and P/O ratio using either NAD-or FAD-linked substrates were equivalent in saline-treated nontransgenic and Glrx2 transgenic mice, indicating that overexpression of Glrx2 has no effect on the efficiency of mitochondrial respiration in mouse heart under normal physiological conditions. However, at one day after DOX treatment, the rate of NAD-linked state 3 respiration but not state 4 respiration was decreased by 36% in heart mitochondria of nontransgenic mice compared to those of saline-treated counterparts ( Fig. 2A and B) , leading to a 31% decrease in RCR (Fig. 2C) . These results suggest that the rate of ATP synthesis using NAD-linked substrates in heart mitochondria of nontransgenic mice is retarded due to DOX treatment. Remarkably, overexpression of mitochondrial Glrx2 completely prevented the functional abnormalities of heart mitochondria as a result of DOX treatment ( Fig. 2A and C) . On the other hand, the P/O ratio of all mitochondrial samples was not affected by DOX at day 1 of treatment ( Fig. 2D) , suggesting that the mitochondrial electron transport chain is still tightly coupled to oxidative phosphorylation. Furthermore, DOX treatment had no effect on FAD-linked respiration in heart mitochondria of either nontransgenic or Glrx2 transgenic mice (data not shown).
DOX had a more profound impact on mitochondrial respiration at day 5 of treatment. As shown in Fig. 3A and C, heart mitochondria of nontransgenic mice exhibited 65% and 66% decreases in NAD-linked state 3 respiration and RCR, respectively, compared to saline-treated counterparts. Again, these functional derangements of mitochondria could be completely prevented by Glrx2 overexpression (Fig. 3A and  C) . In addition, the P/O ratio of heart mitochondria from DOX-treated nontransgenic mice was decreased by 19% relative to the control level (Fig. 3D) . Since the rate of state 4 respiration is not altered by DOX treatment (Fig. 3B) , a decrease in P/O ratio suggests that electron transport in the respiratory chain is partially uncoupled from oxidative phosphorylation. To our surprise, this defect was not preventable by Glrx2 overexpression (Fig. 3D) .
While DOX at day 1 of treatment did not affect FAD-linked respiration in heart mitochondria of either type of mice, it did at day 5 of treatment. As shown in Fig. 4A through C, while the rate of FADlinked state 4 respiration remained unchanged in DOX-treated nontransgenic mice, the rate of state 3 respiration was decreased by 27% compared to that of controls, resulting in a 19% decrease in RCR. The observed declines in mitochondrial respiration could also be completely prevented by overexpression of Glrx2 in transgenic hearts. DOX treatment also caused a decrease in P/O ratio of heart mitochondria isolated from either type of mice (Fig. 4D) . Although the magnitude of decrease in heart mitochondria of Glrx2 transgenic mice is less than that of nontransgenic mice (14% vs. 27%, respectively), the difference is not statistically significant, suggesting that an enhanced expression of Glrx2 is not capable of ameliorating DOX-induced uncoupling of the electron transport chain in mitochondrial respiration that uses FAD-linked substrate.
Glrx2 overespression prevents DOX-induced release of creatine kinase from heart into circulation
Elevated level of creatine kinase in serum has been used as a marker for determining the extent of heart injury in mice treated with DOX [25, 26] . As shown in Fig. 5A , the serum level of creatine kinase was not changed in both types of mice at day 1 of DOX treatment. However, at day 5 of DOX treatment, there was an approximately 500% increase in the level of serum creatine kinase in nontransgenic mice but not in Glrx 2 transgenic mice compared to their saline-treated counterparts (Fig. 5B) . These data support the role of Glrx2 in cardioprotection against DOX toxicity. Furthermore, since Glrx2 is specifically overexpressed in hearts of transgenic mice, our results indicate that heart is the major organ that releases creatine kinase into the circulation due to DOX toxicity.
Glrx2 overespression prevents DOX-induced decline in left ventricular function
We next determined whether overexpression of Glrx2 also protects mouse heart from DOX-induced decline in left ventricular function. Previous studies have shown that the contractile function of mouse heart is not affected at one day after DOX treatment (data not shown). We therefore measured the in vivo cardiac function of nontransgenic and Glrx2 transgenic mice at 5 days after DOX treatment. As shown in Table 1 , there were no differences in the body weight and cardiac function between nontransgenic and Glrx2 transgenic mice receiving treatment of saline, indicating that overexpression of mitochondrial Glrx2 has no effect on the basal hemodynamic indices of mouse heart. However, the left ventricular contractile function was significantly depressed in DOXtreated nontransgenic mice, as evidenced by a significant decrease in heart rate (29%), stroke index (SI) (36%), cardiac index (CI) (52%), ejection fraction (EF) (43%) and preload recruitable stroke work (PRSW) (61%) in comparison to those of saline-treated nontransgenic mice. DOX treatment also caused alterations in systolic function of nontransgenic hearts, including decreases in both endsystolic pressure (P es ) and the maximal rate of pressure increasing (dP/dt max ) and an increase in end-systolic volume (V es ). The same was true for diastolic function of nontransgenic hearts, as shown by DOX-induced increases in end-diastolic pressure (P ed ) and τ (tau, time constant of isovolumic relaxation) as well as decreases in end-diastolic volume (V ed ) and the maximal rate of pressure decreasing (dP/dt min ).
Overexpression of mitochondrial Glrx2 in the heart completely prevented DOX-induced changes in many hemodynamic parameters including heart rate, SI, PRSW, systolic function (P es and dP/dt max ), and diastolic function (P ed and τ); and greatly attenuated the alterations in other functional measurements such as CI, EF, V es of systolic function, and dP/dt min of diastolic function compared to those of DOX-treated nontransgenic mice. These results demonstrate the function of mitochondrial Glrx2 in protecting heart from DOX-induced contractile dysfunction.
On the other hand, the decrease in end-diastolic volume (V ed ) due to DOX treatment was not preventable by Glrx2 overexpression. In addition, Glrx2 overexpression did not attenuate DOXinduced loss of body weight, indicating that cardiac injury resulting from DOX toxicity is not a cause of this phenotypic change. Finally, the extent of increase in peripheral vascular resistance (or arterial elastance, E a ) due to DOX treatment was also not affected by an enhanced expression of Glrx2. This result is anticipated. Since Glrx2 is only overexpressed in cardiomyocytes, it should not have an effect on DOX-induced increase in peripheral vascular resistance.
Glrx2 overexpression attenuates cytochrome c release from heart mitochondria in response to tBid
Having established the protective role of Glrx2 in DOX toxicity, we intended to investigate the mechanisms by which mitochondrial Glrx2 limits DOX-induced myocardial injury. DOX-induced cardiomyopathy in vivo in mouse heart is partly mediated through apoptosis, as evidenced by the appearance of the typical apoptotic morphology in cardiomyocytes as well as a marked increase in apoptotic effectors such as activated caspase 3 and cytosolic cytochrome c in DOX-poisoned hearts [18, [57] [58] [59] . We therefore determined whether overexpression of Glrx2 affected the release of cytochrome c form heart mitochondria in response to iBid, the proteolytically cleaved product of Bid functioning in promoting apoptosis [60] . As shown in Fig. 6A , heart mitochondria could maintain the integrity of their membranes in vitro even after 2 h incubation in the experimental buffer (as evidenced by the absence of cytochrome c release into supernatant). However, inclusion of either a 26-mer synthetic peptide encompassing the BH3 domain of Bid or a recombinant mouse tBid in the experimental buffer caused an extensive release of cytochrome c from heart mitochondria of a nontransgenic mouse, with levels plateauing at 1 h of incubation ( Fig. 6A and B) . Remarkably, overexpression of Glrx2 in heart mitochondria greatly attenuated the extent of cytochrome c release in response to the same treatments.
Glrx2 overexpression enhances S-glutathionylation of heart mitochondrial proteins
We next investigated the effect of Glrx2 overexpression on protein S-glutathionylation in heart mitochondria, since Glrx can catalyze both de-glutathionylation and S-glutathionylation of proteins [37, [42] [43] [44] . As shown in Fig. 7A , the extent of Sglutathionylation of several mitochondrial proteins in Glrx2 transgenic hearts was increased compared to that of nontransgenic hearts. It is worth noting that because the cysteine residues of these mitochondrial proteins are S-glutathionylated and may also be alkylated with NEM, the molecular masses of these proteins cannot be estimated using gel electrophoresis in which the commercially available protein markers, that have been reduced with dithiothreitol, are used as standards. Further studies showed that these mitochondrial proteins of nontransgenic hearts also became more prominently S-glutathionylated at day 5 of DOX treatment, to a level higher than that of saline-treated nontransgenic mice but below that found in saline-treated Glrx2 transgenic mice (Fig. 7B) . DOX treatment further enhanced the extent of protein S-glutathionylation in heart mitochondria of Glrx2 transgenic mice compared to that of the same mice treated with saline.
Discussion
Generation of ROS by DOX via the formation of a complex with iron (III) and by the redox cycling reaction in cardiomyocytes is believed to initiate a cascade of oxidative chain reactions that eventually leads to the observed acute and chronic cardiotoxicity of DOX. Since iron(III) may be present in all cellular compartments and the enzymes responsible for redox cycling of DOX are located in the cytosol and several subcellular organelles of cardiomyocytes [7] [8] [9] [10] [11] [12] , ROS are likely to be generated throughout the entire cardiomyocyte. Whether the oxidants generated in each of the subcellular compartments contribute equally to DOX-induced cardiac injury is not understood. However, previous studies have suggested that mitochondria are both the primary subcellular site for generation of ROS and target of oxidative stress in DOX-poisoned hearts [7] [8] [9] 16, 17, 19, 25, 61] . Since mitochondria play a major role in maintenance of normal cell metabolic function and in the control of apoptosis [62] , a decrease in mitochondrial function as a result of oxidative damage often leads to cell injury and potentially cell death. This hypothesis is supported by an earlier study that cardiac overexpression of MnSOD effectively attenuates DOX-induced toxicity [25] . The current study further supports the mitochondrial hypothesis of DOX-induced cardiotoxicity by showing the protective function of another mitochondrial proteinGlrx2 which catalyzes both de-glutathionylation and S-glutathionylation of proteins.
Our studies show that despite a decrease in efficiency of mitochondrial respiration at day 1 of DOX treatment in nontransgenic mice (Fig. 2) , the left ventricular function of these mice remains normal. Contractile dysfunction was only found at day 5 of DOX treatment when structural damage, including formation of intracytoplasmic vacuoles, extensive cell apoptosis and necrosis, and disarray of myofilaments, was evident [4, 15, 18, 25, 57, 58] . These understandings suggest that derangement of mitochondrial respiration may serve as an early marker for DOX-induced cardiotoxicity, prior to when structural and contractile abnormalities are apparent. However, whether mitochondrial dysfunction directly contributes to the other pathological changes found in DOX-poisoned hearts remains to be determined.
The present study indicates the role of Glrx2 in preventing DOXinduced cardiac injury. How does Glrx2 protect heart from DOX toxicity? There are two potential mechanisms. First, as shown in Fig.  1E , overexpression of Glrx2 also induces the expression of the endogenous mouse Glrx1, the cytosolic isoform of Glrx, in the heart. Therefore, it is possible that the observed protective function of Glrx2 is mediated through an enhanced expression of Glrx1. However, heart mitochondria of Glrx1 transgenic mice with cardiac overexpresssion of Glrx1 (N20 fold increase in Glrx1 protein) are not protected from DOX-induced dysfunction, suggesting that Glrx1 plays a very limited role in cardioprotection against DOX treatment ([63] , Ho et al., unpublished data). Second, a recent study indicates that Glrx2 also exhibits GSH-dependent as well as thioredoxin reductase-dependent peroxidase activities [64] . This raises the possibility that the cardioprotective function of Glrx2 may lie in its catalytic activity of peroxidase but not de-glutathionylation/S-glutathionylation, since overexpression of Gpx1 in mouse heart is known to attenuate the cardiac toxicity of DOX [27] . We therefore measured the activity of glutathione peroxidase (Gpx) in isolated heart mitochondria of nontransgenic and Glrx2 transgenic mice. The Gpx activities in the former and latter samples are equivalent (13.63 ± 3.72 vs. 14.14 ± 5.01 nmol NADPH/min/mg protein, respectively; p = 0.83, n ≥ 6), suggesting that the contribution of the overexpressed Glrx2 to total GSH-dependent peroxidase activity in heart mitochondria is negligible, therefore excluding the Gpx activity of Glrx2 in cardioprotection. This result is not surprising since the catalytic efficiency of GSHdependent peroxidase of the human Glrx2 protein (2.5 × 10 4 s
) is significantly lower than that of Gpx (∼10 8 s
) [64] . Furthermore, in contrast to the results of Fernando et al. [64] , we failed to observe an increase in thioredoxin reductase-dependent peroxidase activity in heart mitochondria of Glrx2 transgenic mice compared to that of nontransgenic mice (6.15 ± 1.60 vs. 5.81 ± 1.66 nmol NADPH/min/mg protein, respectively; p = 0.70, n ≥ 6). These results rule out the roles of the endogenous mouse Glrx1 as well as the associated peroxidase activities of Glrx2 in preventing DOX-induced cardiac injury.
DOX treatment has been shown to induce apoptosis in vivo in hearts of rodents as well as in vitro in cultured cardiomyocytes [17, 18, [57] [58] [59] . However, whether death of cardiomyocytes by apoptosis directly contributes to DOX-induced myocardial injury and declines in left ventricular function as observed in the experimental animals and cancer patients is not known. Our studies show that heart mitochondria overexpressing Glrx2 are more resistant to tBid-induced release of cytochrome c, an initiator of the post-mitochondrial pathway of apoptosis via formation of an apoptosome with Apaf-1 (apoptotic protease activating factor 1) [65] . Although these results suggest that the increased tolerance of heart mitochondria of Glrx2 transgenic mice to tBid-mediated apoptosis renders the mice more resistant to DOX-induced cardiac toxicity, further studies to understand the role of apoptosis in DOX-induced myocardial injury, such as whether DOX treatment activates Bid in heart and whether Glrx2 modulates apoptosis in DOX-poisoned cardiomyocytes, are needed.
Glrx is known to play a major role in modulating the extent of protein S-glutathionylation in mammalian cells by catalyzing both the reduction and formation of protein-SSG mixed disulfides. The mechanism of Glrx-catalyzed protein S-glutathionylation is not completely understood. However, it should be noted that the S-glutathionylation activity of Glrx1 and Glrx2 has only been demonstrated in vitro in reactions where purified proteins and mitochondrial membrane are incubated with recombinant Glrx proteins [42] [43] [44] . Whether this reaction also occurs in vivo is not known. To date, overexpression of Glrx1 in cultured cells has always been found to cause to an enhanced activity in removal of the glutathionyl moiety in several proteins such as Ras, the inhibitory κB kinase β (IKK-β), and procaspase 3 [36, 66, 67] ; and down-regulation of Glrx1 by RNA interference retards the rate of de-glutathionylation of S-glutathionylated actin, procaspase 3, and IKK-β [66] [67] [68] . There is only one study which provides indirect evidence to suggest that Glrx1 promotes S-glutathionylation of the p65 subunit of NF-κB in a line of pancreatic carcinoma cells exposed to both hypoxia and N-acetyl-L-cysteine [69] . The current study for the first time demonstrates that an enhanced expression of Glrx2 increases S-glutathionylation of heart mitochondrial proteins, and this is associated with tolerance of heart to the toxicity of DOX. These results suggest that S-glutathionylation of a limited number of heart mitochondrial proteins plays a role in preventing DOX-induced mitochondrial dysfunction and the subsequent contractile abnormalities in heart. Future studies to identify these S-glutathionylated mitochondrial proteins and to determine the significance of protein S-glutathionylation in the cardioprotective function of Glrx2 should further our understanding in the biochemical mechanisms of DOX-induced cardiac injury.
Finally, our studies implicate the role of Glrx2 in protecting the mitochondrial electron transport chain from DOX-induced damage. As shown in Figs. 2 through 4 , the rate of NAD-linked but not FAD-linked state 3 respiration is decreased in heart mitochondria of nontransgenic mice at one day after DOX treatment. Since the NAD-linked respiration is carried out by complexes I, III and IV of the electron transport chain and FAD-linked respiration uses complexes II, III and IV, the observed decline in NAD-linked respiration is believed to result from impairment of complex I activity, as also documented in several earlier studies [16, 17, 27, 70] . In addition, DOX retards the rates of both NAD-and FAD-linked state 3 respiration at day 5 of treatment, suggesting that the activities of both complex I (for NAD-linked respiration) and II (for FAD-linked respiration) are decreased, and/or the activities of complexes III and/or IV are also affected. Most importantly, the DOX-induced declines in rate of state 3 respiration are completely absent in heart mitochondria of Glrx2 transgenic mice, suggesting the function of Glrx2 in preventing DOX-induced inactivation of the mitochondrial electron transport chain.
In summary, our results show that overexpression of Glrx2 in heart mitochondria significantly prevents DOX-induced dysfunction of mitochondrial respiration, release of creatine kinase from cardiomyocytes into circulation, and decrease in left ventricular function. Furthermore, the observed cardioprotective function of Glrx2 is associated with an increase in S-glutathionylation of heart mitochondrial proteins, suggesting that formation of protein-SSG mixed disulfides is actually protective. The protection may result from the altered catalytic/structural function of these S-glutathionylated mitochondrial proteins. Alternatively, S-glutathionylation may prevent a more drastic and irreversible modification, such as formation of sulfinic and sulfonic acids, of the cysteine residues in these proteins. Further research to understand the molecular mechanisms of cardioprotection by protein S-glutationylation should allow identification of new pathways of DOX-induced cardiotoxicity that can be targeted therapeutically.
